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Received 19 March 2007; received in revised form 11 May 2007; accepted 29 May 2007AbstractComplement-mediated killing of pathogens through lytic pathway is an important effector mechanism of innate immune
response. C9 is the ninth member of complement components, creating the membrane attack complex (MAC). In the present study,
a putative cDNA sequence encoding the 650 amino acids of C9 and its genomic organization were identified in grass carp
Ctenopharyngodon idella. The deduced amino acid sequence of grass carp C9 (gcC9) showed 48% and 38.5% identity to Japanese
flounder and human C9, respectively. Domain search revealed that gcC9 contains a LDL receptor domain, an EGF precursor
domain, a MACPF domain and two TSP domain located in the N-terminal and C-terminal, respectively. Phylogenetic analysis
demonstrated that gcC9 is clustered in a same cladewith Japanese flounder, pufferfish and rainbow trout C9. The gcC9 gene consists
of 11 exons with 10 introns, spacing over approximately 7 kb of genomic sequence. Analysis of gcC9 promoter region revealed the
presence of a TATA box and some putative transcription factor such as C/EBP, HSF, NF-AT, CHOP-C, HNF-3B, GATA-2, IK-2,
EVI-1, AP-1, CP2 and OCT-1 binding sites. The first intron region contains C/EBPb, HFH-1 and Oct-1 binding sites. RT-PCR and
Western blotting analysis demonstrated that the mRNA and protein of gcC9 gene have similar expression patterns, being
constitutively expressed in all organs examined of healthy fish, with the highest level in hepatopancreas. By real-time quantitative
RT-PCR analysis, gcC9 transcripts were significantly up-regulated in head kidney, spleen, hepatopancreas and down-regulated in
intestine from inactivated fish bacterial pathogen Flavobacterium columnare-stimulated fish, demonstrating the role of C9 in
immune response.
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The complement system is a major effector system of
innate immunity. The functions mediated by comple-
ment activation products include phagocytosis and
cytolysis of pathogens, solubilization of immune
complexes and inflammation (Boshra et al., 2006).
The complement activation in bony and cartilaginous
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overlapping pathways: the classical, alternative, lectin
pathways, and one effector lytic pathway which leads to
the formation of the membrane attack complex (MAC)
(Nonaka and Smith, 2000; Holland and Lambris, 2002).
MAC is assembled by sequential binding of a single
molecule of each complement component C5b, C6, C7,
and C8 and incorporation of a variable numbers (6–16)
of C9 molecules into the nascent complex. The final
MAC assembly kills bacteria by forming a pore in the
phospholipids bilayer to disrupt the target cell (Muller-
Eberhard, 1986; Gasque, 2004).
The terminal complement components (TCC) C6,
C7, C8a, C8b and C9 are structurally related proteins
which differ in size and complexity. They have a high
degree of sequence similarity and four common
structural motifs including thrombospondin (TSP),
low density lipoprotein receptor (LDL-R), epidermal
growth factor precursor (EGFP) and a MAC/perforin
(MACPF) domains. These domains are related to the T-
lymphocyte cytolytic factor perforin (Lichtenheld et al.,
1988). The TCC protein may have emerged through a
series of duplications of an ancestral gene and differ in
their modular composition (Hobart, 1998). In teleosts,
the MAC complex has been microscopically observed
and contains small pores on cell surface (Jenkins et al.,
1991). The MAC-related proteins C8 and C9 have been
purified and biochemically characterized in carp
Cyprinus carpio (Uemura et al., 1996). Furthermore,
the complement components C5b, C6, C7, C8, and C9
were isolated from carp serum, and their molar ratios in
carp MAC were 1:1:1:1:4 (Nakao et al., 1996). C9 has
also been characterized in rainbow trout (Oncorhynchus
mykiss) (Stanley and Herz, 1987; Tomlinson et al.,
1993; Chondrou et al., 2006a), Japanese flounder
(Paralichthys olivaceus) (Katagiri et al., 1999) and
pufferfish (Takifugu rubripes) (Yeo et al., 1997).
In this study, the complement C9 cDNA, gcC9, was
cloned from the grass carp Ctenopharyngodon idella.
The structure of C9 gene and the putative transcription
factor binding sites involving in regulating C9 gene
expression were also identified. In addition, its expres-
sion at levels of transcripts and proteinwas examined. By
real-time quantitative RT-PCRmethod, the expression of
C9 gene was analyzed in hepatopancreas, head kidney,
intestine and spleen for selected time points after
stimulation with Poly I: C and inactived Flavobacterium
columnare. The result obtained in the present study fills
up the knowledge gap in respect of the genomic structure
of complement component genes in fish and of the
constitutive and inductive expression of transcripts and
protein of fish C9.2. Materials and methods
2.1. Cloning of grass carp C9 cDNA by rapid
amplification of cDNA ends-polymerase chain
reaction (RACE-PCR)
Three healthy grass carp, weighing about 1000 g
each were obtained from a fish farm in Wuhan, China.
The brain, hepatopancreas, renal kidney, head kidney,
spleen, intestine, heart, gill, hepatopancreas, muscle,
skin and blood were dissected out for isolating the total
RNAs. Among these samples, hepatopancreas RNAwas
used for RACE-PCR and the others together with
hepatopancreas for RT-PCR. Samples were removed
aseptically and snap-frozen in liquid nitrogen, before
being stored at 70 8C for further use.
Total RNAs were isolated using Trizol reagent
(Invitrogen, USA) from hepatopancreas, the aliquots
were subjected to 0.9% agarose gel electrophoresis and
stained by ethidium bromide to verify the quantity and
quality of RNA. About 2 mg of the RNAs were reverse-
transcribed by PowerScriptTM Reverse Transcriptase
with CDS and SMART II A primer (SMART RACE
cDNA Amplification kit, Clontech, USA) at 42 8C for
1 h. Then, the first strand cDNAs were used as templates
to amplify the specific fragment by RACE-PCRwith the
gene-specific primers.
To obtain the full-length cDNA sequence, 50 RACE
was performed by using the gene specific primers and
adaptor primers. The gene-specific primers of C9 was
designed by using Primer premier 5.0 software on the
basis of the C9 fragment sequence obtained from the
grass carp subtractive library (Chang et al., 2005). All
primers used in this study are listed in Table 1. The PCR
cycling conditions were 94 8C for 3 min, followed by 5
cycles of 94 8C for 30 s, 66 8C for 30 s, and 72 8C for
90 s, 30 cycles of 94 8C for 30 s, 64 8C for 30 s, and
72 8C for 90 s, 1 cycle of 72 8C for 10 min. The
resultant products were isolated using the Gel Extrac-
tion Kit (Omega, USA), and cloned into pMD18-T
Vector (TAKARA, Japan) transformed into Escherichia
coli strain DH5a competent cells by following the
manufacturer’s instruction. Putative clones were
screened by PCR using the above primers under the
same cycle conditions, and the selected clones were
sequenced using the dideoxy chain-termination method
on an automatic DNA sequencer.
2.2. Sequence and phylogenetic analysis
The basic local alignment search tool program from
the National Center for Biotechnology Information
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Table 1
Oligonucleotide primers used to amplify the grass carp C9 gene
Primer Sequence (50–30) Application
Upm (long) CTAATACGACTCACTATAGGGCAAGCAGTG-GTATCAACGCAGAGT Race- PCR
Upm (short) CTAATACGACTCACTATAGGGC Universal primers mix
gcRRo CTGTCATCTGTGGGTTTGTCTGTT 50 RACE 1st round PCR
gcRRi GGCATCCACATCATCCAAGAAAG 50 RACE 2nd round PCR
Ap1 GTAATACGACTCACTATAGGGC Genomic walking adaptor
gcWRo GGCGGAGGGTCCATCTGGCATTTG Genomic walking 1st round PCR
Ap2 ACTATAGGGCACGCGTGGT Genome walking adaptor
gcWRi CCACTCGGACCAGGCACTCATTTTG Genome walking 2nd round PCR
gcC9F1 GGAAAGAGCATAACTGACCACA The 1st and 2nd intron
gcC9R1 GGCGGAGGGTCCATCTGGCATTTG
gcC9F2 CTACCAAATGCCAGATGGACCC The 3rd intron
gcC9R2 CTTGGGTGGCTATGTCAGACTC
gcC9F3 TTGAGTCTGACATAGCCACCCA The 4th intron
gcC9R3 ATCTCTGATTCGGTTACATTGAC
gcC9F4 ACAGACTACCCTGGAACATTG The 5th and 6th intron
gcC9R4 GGCATCCACATCATCCAAGAAAG
gcC9F5 CTTGGATGATGTGGATGCCCTGC The 7th and 8th intron
gcC9R5 CGGTCTTTGCCCATTCCACATA
gcC9F6 TATGTGGAATGGGCAAAGACCG The 9th and 10th intron
gcC9R6 CTTCACTGGTTGTATCTCCTTTG
b-ActinF CCTTCTTGGGTAGGAGTCTTG RT-PCR control
b-ActinR AGAGTATTTACGCTCAGGTGGG Real-time PCR control
gcC9F AGACAAACCCACAGATGACAGG RT-PCR
gcC9R GAGCAGGTAGAGCAGAGACGGT Real-time PCR
Exc9F AAGGGATCCTCAGAAATCACGACGACCAAG Expression
Exc9R GGAGGTACCTCAGCATTTACACTCCCCGTC(NCBI) was used to identify similar sequences. Protein
prediction was performed using software at the
EXPASY Molecular Biology Server (http://expasy.p-
ku.edu.cn). The putative ORFs were analyzed for the
presence of signal peptides using the algorithms signalP
3.0. The MAC family signature was identified by
Scanprosite (http://www.expasy.org/tools/scanprosite/)
and Motifscan (http://myhits.isb-sib.ch/cgi-bin/
motif_scan) programs. Multiple sequence alignments
were performed using the CLUSTAL W 1.8 program.
The phylogenetic tree was constructed based on the
deduced amino acid sequences using the neighbor-
joining (NJ) algorithm in MEGA version 3.1, with its
reliability assessed by 1000 bootstrap repetitions, and
all sequences used for the phylogenetic analysis were
listed in Table 2.
2.3. Cloning the complement C9 genomic sequence
and its promoter region
The genomic DNA was purified from the hepato-
pancreas of the grass carp using Wizard1 Genomic
DNA Purification Kit (Promega, USA). Based on the
cDNA full-length sequence, primers were designed to
obtain the full-length genomic sequence of grass carpC9, termed as gcC9. PCR was performed using the
primer pairs listed in Table 1 to amplify the gcC9
region. The 50 flanking region was obtained using a
Universal Genome Walker TM kit (Clontech), and the
gene-specific primers for genome walking were gcWRo
and gcWRi. The PCR was initially performed with
gene-specific primers gcWRo and the adapter primer
AP1, followed by a second PCR with the other gene-
specific primers gcWRi and the adapter primer AP2.
The PCR cycling conditions were one cycle of 3 min at
94 8C, 5 cycles of 30 s at 94 8C, 30 s at 68 8C, and 90 s
at 72 8C, 30 cycles of 30 s at 94 8C, 30 s at 64 8C, and
90 s at 72 8C, followed by 1 cycle of 10 min at 72 8C.
The sequence of the 50 flanking region and the first
intron was analyzed using the database of TRANSFAC
MATRIX TABLE TFSEARCH ver.1.3 for the identi-
fication of potential transcriptional factor binding sites.
2.4. RT-PCR analysis
Total RNAs were isolated using Trizol reagent
(Invitrogen, USA) from all sampled organs, and about
2 mg of the different RNAs were reverse-transcribed by
RevertAidTM First Strand cDNA Synthesis Kit (MBI
Fermentas, Germany) at 42 8C with oligo(dT)18
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Table 2
Accession numbers of C9 and C6, C7, C8 protein sequences used for
phylogenetic analysis and multiple sequence alignment
Species Protein GenBank accession no.
Paralichthys olivaceus C9 BAA86878
Takifugu rubripes C9 AAC60288
Fundulus heteroclitus C9 AAR87007
Ctenopharyngodon idella C9 AAS76086
Oncorhynchus mykiss C9 CAJ01692
Rattus norvegicus C9Pa Q62930
Rattus norvegicus C9 AAH91127
Mus musculus C9 NP_038513
Equus caballus C9Pa P48770
Homo sapiens C9 NP_001728
Xenopus tropicalis C9 AAH88556
Oryctolagus cuniculus C8BP P98137
Oncorhynchus mykiss C8BP Q90X85
Homo sapiens C8BP P07358
Macaca mulatta C8B XP_001114456
Rattus norvegicus C8B XP_233250
Oncorhynchus mykiss C8A CAH65481
Xenopus tropicalis C8A NP_001005445
Rattus norvegicus C8A XP_233251
Mus musculus C8A BAC42360
Oryctolagus cuniculus C8AP P98136
Canis familiaris C8AP XP_536695
Bos taurus C8A NP_001039750
Mus musculus C7P XP_909773
Canis familiaris C7P XP_546339
Homo sapiens C7 CAA60121
Sus scrofa C7 NP_999447
Bos taurus C7 NP_001039431
Oncorhynchus mykiss C7-1 CAD92841
Oncorhynchus mykiss C7-2 CAF22025
Danio rerio C6 NP_956932
Oncorhynchus mykiss C6 CAF22026
Xenopus tropicalis C6 NP_001006864
Homo sapiens C6 BAD02321
Rattus norvegicus C6 NP_788263
Mus musculus C6 AAH11251
a P indicates precursor.primers. Then the first strand cDNAs were used as
templates to amplify the specific fragment by PCR with
the gene-specific primers.
Primer premier 5.0 was used for designing forward
and reverse primers for specific gcC9 as well as the
housekeeping b-Actin (DQ211096) gene. b-Actin
primers were used as a positive control for PCR to
verify the cDNA templates. The primers which
performed best in both RT-PCR and real-time ampli-
fications are listed in Table 1. The annealing
temperatures for gcC9 and b-Actin were 58 8C, and
resultant amplicons of both were 176 and 221 bp,
respectively. Aliquots (20 ml) of the PCR reaction
products were separated by electrophoresis on 1.5%
agarose gel containing ethidium bromide.2.5. Production of fusion protein and polyclonal
antibody
The expression primers were designed to include a
BamHI sitewithin the sense primer and aKpnI sitewithin
the antisense primer, used to amplify amino acids 334–
580 of gcC9. PCR amplifications were performed for 1
cycle of 4 min at 94 8C, 35 cycles of 30 s at 94 8C, 30 s at
59 8C, 60 s at 72 8C, with a final extension step of 10 min
at 72 8C. Purified PCR products were ligated into
BamHI-/KpnI-cut pQE-30 expression vector containing
the sequence encoding the 6 His affinity tag (Qiagen,
Germany). The ligation mixture was then subcloned into
E. coli M15 (Qiagen, Germany), and the bacteria were
grown in plates with Luria-Bertani (LB) and agarose
medium containing 100 mg/ml ampicillin and 25 mg/ml
kanamycin. For induction of gene expression, isopropyl-
b-D-thiogalactopyranoside (IPTG) was added in a final
concentration of 1 mM once the culture reached
OD600 = 0.6. The cells were harvested after 5 h culture.
The correct reading frame was re-checked by sequen-
cing, and the recombinant proteinwas purified by affinity
chromatography in a column of HisBind resin (Nova-
gen). Recombinant His6-gcC9 protein was eluted from
the resin with 6 M urea, 20 mM Tris–HCl/pH 7.9,
containing 100 mM imidazole/0.5 M NaCl. Purity and
concentration of the recombinant proteinwas assessed on
12% SDS-PAGE gel. One thousand two hundred
micrograms recombinant protein was used to immunize
rabbits for generating polyclonal antibody.
2.6. Western blotting analysis
For identifying the protein expression of gcC9,
muscle, skin, intestine, thymus, gill, spleen, renal
kidney, hepatopancreas, brain, heart, and head kidney of
grass carp were washed with PBS, and then homo-
genized with solubilization buffer containing 1% SDS,
5% b-mercaptoethanol, 10% glycerol, 65 mM Tris–
HCl, pH 6.8, and 1 mM PMSF. The suspension was
vortexed and centrifuged at 10,000 g for 10 min, and the
supernatant containing proteins was retained. Serum
sample and the solubilization buffer as a blank were
used in experiment at the same time. Protein
concentrations were determined using Bradford protein
assay (Biorad). Each sample, equivalent to 10 mg total
protein, was run on 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and subsequently
transferred to polyvinylidene-fluoride membranes
(PVDF, Millipore) by standard procedures. The blotting
membrane was blocked for 2 h with TBS containing 5%
skimmed milk power and 0.05% Tween 20. Then the
L. Li et al. / Veterinary Immunology and Immunopathology 118 (2007) 270–282274membrane was incubated for 1 h with antiserum (1:150)
from rabbit. Subsequently, the membrane was further
incubated for 1 h with Alkaline Phosphatase Goat Anti-
Rabbit IgG (SABC, China). After washing, the specific
binding to recombinant protein was detected by NBT/
BCIP (SABC).
2.7. Real-time quantitative RT-PCR analysis
Apparently healthy juvenile grass carp, about 80 g in
body weight, were acclimatized for 10 days in an
automatic aerated water circulating system at
22  1 8C. Fish were fed at a daily ration of a standard
dry pellet, and then divided into two groups (15 fish per
group), with one group injected with 0.1 ml of formalin-
killed F. columnare G4 (approximately 1.0  107 cfu/
ml), and another group injected with 0.1 ml of sterile
PBS (pH 7.2) as control group. Fish were sampled on
days 1, 3 and 7 post-injection, and three fish were
sampled on each occasion. Total RNA from head
kidney, hepatopancreas, intestine and spleen from each
injected group was extracted using Trizol reagent as
described by the manufacturer. After treatment with
RNase-free DNase, 2 mg of RNA from different organs
was reverse-transcribed respectively with Revert Aid
TM First Strand cDNA Synthesis Kit (Fermentas). All
cDNA samples were stored at20 8C until used in real-
time PCR assays.
The gcC9 and b-Actin cDNA fragments were
generated by RT-PCR. Amplicons were gel-purified,
cloned into pMD18-T vector and transformed into E.
coli strain DH5a competent cells. Cloned amplicon
sequences were confirmed by sequencing. Plasmid
DNA was obtained by using the Plasmid mini kit I
(Omega) by following the manufacturer’s instructions.
Serial 10-fold dilutions of the resultant plasmid clones,
ranging from 101 down to 108 plasmid samples, were
used as standard curve in each PCR run. PCR reactions
were performed using Chromo 4TM Continuous
Fluorescence Detector from MJ Research. Amplifica-
tions were carried out at a final volume of 20 ml
containing 1 ml DNA sample, 2 SYBR green Real-
time PCR Master Mix (Toyobo, Japan) 10 ml, 1 ml of
each primer and 7 ml H2O. PCR amplification was
performed in triplicate wells, using the following
conditions: 3 min at 95 8C, followed by 40 cycles
consisting of 20 s at 94 8C, 25 s at 58 8C and 25 s at
72 8C. The reaction carried out without DNA sample
was used as negative control. Melting curve analysis of
amplification products was performed at the end of each
PCR reaction to confirm that a single PCR product was
detected.Student’s t-test was performed using Microsoft1
Excel 2000 with P  0.05 as the significance level. All
statistical analyses were based on comparisons between
the control and induction groups after the gcC9 gene
normalization according to the b-Actin gene. Fold
change was calculated as (Ts/Tn)/(Cs/Cn) where Ts
equals the treated sample assayed for the specific gene
and Tn equals the treated sample assayed for the
normalizer gene (b-Actin), and Cs and Cn equal the
calibrator group (PBS injected group) with the specific
and normalizing gene, respectively (Purcell et al.,
2004).
3. Results
3.1. Characterization of grass carp complement C9
transcript
The grass carp C9 (gcC9) mRNA is 2123 nt
(nucleotides) in length (GenBank accession no.
AY391781), which contains an open reading frame of
1950 nt. The 50 untranslated region (UTR) and 30 UTR
are 24 and 149 nt, respectively. The polyadenylation
signal (AATAAA) is found starting 89 nt upstream from
the PolyA tail. The putative gcC9 is predicted to be a
peptide of 650 amino acids, with a calculated molecular
weight of 71.045 kDa and an isoelectric point of 5.58. A
signal peptide was predicted using SignalP 3.0 at amino
acids 1–19. Search for conserved domains with ‘Pfam’
(http://www.sanger.ac.uk/Software/Pfam) revealed the
presence of thrombospondin type I domain (TSP1, 43–
96 amino acids), low-density lipoprotein receptor
domain Class A (LDL-R, 101–139 amino acids) and
MAC/perforin domain (MACPF, 341–555 amino acids)
(Fig. 1).
Using the Scanprosite programs in PROSITE
database, the sequence CMCLPGSEGVAC (580–591
amino acids) of EGF-like domain signature I (EGF_1)
and YFAFLEDYGTHF (385–396 amino acids) of
MACPF signature were identified. GcC9 sequence also
contains many other TSP1 domain, tyrosine kinase
phosphorylation site, amidation site, cAMP- and
cGMP-dependent protein kinase phosphorylation site,
Asn_glycosylation site, glycine-rich region, casein
kinase II phosphorylation site, protein kinase C
phosphorylation site and N-myristoylation site in C-
terminal amino acids.
The deduced amino acid sequence of the gcC9
protein was compared with other C9 through Magalign
from DNASTAR. The amino acid sequence of gcC9
was 73.2% identical to zebrafish C9 partial sequence
(GenBank accession no. NP_001019606) and 47.3%
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reported C9 were 48% with Japanese flounder, 47.6%
with pufferfish, 46.1% with rainbow trout, 38.5% with
human, 38.9% with horse and 38.1% with Norway rat,
respectively.Fig. 1. cDNA sequence of gcC9. The nucleotide sequence (upper) and the de
no. AY391781). The boundaries of exons are indicated in arrow. The pred
indicates EGF_1 signature. The position of the MACPF signature is boxed.
circled. Tyrosine kinase phosphorylation site is double underlined. The
polyadenylation signal.The alignment of amino acid sequences of the gcC9
and other known vertebrates’ C9 revealed that the gcC9
shares some conserved regions, such as TSP, LDL-R,
MACPF and EGF-1 domains (Fig. 2). Cysteine residues
are well conserved in all species. There is a second TSPduced amino acid sequence (lower) are numbered (GenBank accession
icted signal peptide is indicated by the solid underline. The shadow
The stop codon is indicated by asterisks (*). N_glycosylation site is
amidation site is in bold. The italic indicates the position of the
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Fig. 1. (Continued ).domain in the C-terminal region of several fish species,
but absent in mammals, and there is one glycine-rich
region of 51 amino acids only present in gcC9. In a
phylogenetic tree based on amino acid sequences from
TCC members of complement C6, C7, C8 and C9
sequences (see Table 2), gcC9 is clustered with rainbow
trout C9, killifish C9, Japanese flounder C9 and
pufferfish C9 (Fig. 3).Table 3
Genomic structure of the gcC9 gene (GenBank accession no. EF363857) e
Exon no. Size (bp) 50 splice donor
1 101 ACCACATgtgag
2 109 TACCACGgtact
3 151 GCTTCAGgtcag
4 151 GATATGGgtcag
5 139 CTATGAGgtgag
6 393 GACCAAGgtgag
7 241 CAAAAAAgtaag
8 135 CCCACAGgtgtg
9 176 CAGTGATgtaag
10 229 GTGAAAGgtgtg
11 298
The consensus gt/ag splice sequences are shown in bold.3.2. Genomic structure and promoter region of gcC9
The gcC9 gene has a length of approximately 7.03 kb
(GenBank accession no. EF363857). The alignment of
gcC9 cDNA sequence with gcC9 genomic sequence
revealed that the gcC9 gene is composed of 11 exons
and 10 introns (Table 3). The open reading frame was
located within all 11 exons. All the 50 and 30 ends of thexon sequences are shown in uppercase and introns in lowercase
30 splice acceptor Intron no. Size (bp)
caaagGCAAGGG I 168
aacagCATCGCT II 121
ctcagGAATATG III 101
aacagAATAAAT IV 3313
ttcagACAAAAG V 216
ttcagAGAAAGA VI 278
tgcagAGGTCAC VII 237
accagATGACAG VIII 298
ggcagCCTGAAC IX 82
tctagGTAAGTC X 96
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(Table 3). Analysis of the 50 flanking region of the gcC9
gene (Fig. 4) which is 825 nt long, revealed the
characteristic presence of seven putative C/EBP binding
sites and five HSF binding sites scattered throughout theFig. 2. The alignment of the amino acid sequence of gcC9 and in comparison
The identical residues are indicated with asterisks (*), and the similar resid
domain is indicated by arrowed brackets, and the conserved cysteines and mo
The GenBank accession numbers of these genes are shown in Table 2.sequence. A TATA box was located at 333 to 340,
and there was a cap binding site near the TATA box.
Several putative transcription factor GATA-2, IK-2,
EVI-1, AP-1, NF-AT, CHOP-C, HNF-3B, CP2 and
OCT-1 binding sites were also found in the promoterwith C9 sequence of other vertebrates by using Clustal W1.8 program.
ues with (). Missing amino acid is marked by dashes, the conserved
tifs are boxed inside the domain. The glycine-rich region is underlined.
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Fig. 2. (Continued ).region of the gcC9. Analysis of the first intron of gcC9,
four putative transcription factors including C/EBPb,
HFH-1 and two Oct-1 binding sites were found in the
intron region.
3.3. Distribution of gcC9 transcripts and gcC9
protein in different organs
Distribution of gcC9 transcripts and gcC9 protein in
different organs were examined by RT-PCR and
Western blotting analysis, respectively. As shown in
Fig. 5A, the gcC9 had a constitutive expression in
almost all examined organs. GcC9 had a significantly
high expression in hepatopancreas, then in spleen, skin,
head kidney, renal kidney, brain and muscle, and a lower
level of transcription was detected in thymus, gill,
blood, heart and intestine. Following this observation,
the purified recombinant protein and the organs were
subjected to Western blotting. As shown in Fig. 5B, an
immunoreactive band at about 72 kDa was detected inhepatopancreas, head kidney, renal kidney, spleen,
brain, heart, gill, blood and muscle, weakly detected in
thymus, skin and intestine, being consistent with RT-
PCR observations. The appearance of a single band
about 29 kDa of purified recombinant protein showed
the specificity of the anti-gcC9 antibody (Fig. 5C).
3.4. Inductive expression of gcC9 by F. columnare
In response to F. columnare injection, the gcC9
mRNA significant increase was observed in hepato-
pancreas at day 1 (5.36-fold, P = 0.026) post-injection,
followed by a decline at day 3 (0.56-fold) throughout to
day 7 (0.56-fold) (Fig. 6). The expression of gcC9 in
spleen, head kidney and ingestion showed a similar
trend with a significant decline at day 1 (0.04-fold in
spleen, P = 0.001; 0.03-fold in head kidney, P = 0.0008;
0.01-fold in ingestion, P = 0.0002), and then an increase
from day 3 (0.3-fold, 1.1-fold and 0.13-fold, respec-
tively) to day 7 (13.3-fold in spleen, 1.6-fold in head
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Fig. 3. Phylogenetic tree showing the relationship between gcC9 and
C9s from other vertebrates. Full-length amino acid sequences were
aligned using the ClustalX 1.83 program and a phylogenetic tree was
constructed using the neighbor-joining algorithm within MEGA ver-
sion 3.1(1000 bootstrap). The GenBank accession numbers of C9
genes are shown in Table 2. The flounderPFP (Paralichthys olivaceus
perforin, BAC76420), mousePFP (Mus musculus perforin, AAI32301)
and humanPFP (Homo sapiens perforin, AAA60065) were used as
outgroup.kidney and 0.59-fold in intestine) (Fig. 6). The increase
was significant in intestine at day 3 (P = 0.001) and in
spleen at day 7 (P = 0.044).
4. Discussion
The complement C9 of grass carp was characterized
in the present study, with a glycine-rich region which
was absent for C9 of other animals. This glycine-rich
region of 55 amino acids is encoded by the sixth exon.
Several amplifications in different individuals proved
that this region indeed existed in grass carp, and not
found for other possible alternative splicing of C9
without the glycine-rich region. The entire character-
istic modular domains for C9, i.e. TSP, LDLR, MACPF
and EGF of the TCC are all present in gcC9; but in
contrast to mammalian counterparts, the gcC9 has a
second TSP domain in the C-terminal region, as
previously reported for pufferfish (Yeo et al., 1997),Japanese flounder (Katagiri et al., 1999) and rainbow
trout (Tomlinson et al., 1993). The C8a and C8b also
have the second TSP domain in C-terminal region, and
the domain structure of the gcC9 sequence is much
more similar to the domain structure of fish and
mammalian C8a and C8b, rather than to those of
mammalian C9s (result not shown).
In spite of these homologous domain structures, the
amino acid identities between gcC9 and rainbow trout
C8a (25.0%), and house mouse C8a (26.4%) are lower
than between gcC9 and human C9 (38.6%). The amino
acid identities between the gcC9 and rainbow trout C8b,
and human C8b were much lower, being 23.9% and
24.4%, respectively. Therefore, fish C9 appears to be an
orthologue of mammalian C9, as also supported by the
phylogenetic analysis.
The genomic structure of gcC9 is composed of 11
exons, similar to the human and pufferfish counterparts
(Yeo et al., 1997). The 11 exons of the gcC9 share
47.4% and 38.6% amino acids identity with pufferfish
and human counterparts, which span 7.03 kb of
genomic DNA. By comparison, pufferfish C9 spans
2.9 kb and human C9 90 kb (Yeo et al., 1997). All the
introns of human C9 are very much larger than the fish
counterparts; but there is one large intron in size in gcC9
gene, which is larger than 3000 bp. Indeed, gcC9 is 13-
fold smaller than its human counterpart, and has 2.4-
fold difference with pufferfish in size. The difference in
intron size of C9 accounts for the size difference in the
genomic DNA. However, it seems that fish C9 possesses
a relative condensed structure.
Despite the recent progress in identification of
immune genes encoding complement components in
fish (Chondrou et al., 2006b; Papanastasiou and
Zarkadis, 2006a,b), there is no report on promoters
of complement MAC component genes. The promoter
of human C9 gene contains the transcription factor
binding sites for AP2 (activator protein-2), YY-1
(yinyang-1), BRN2 (brain-2), GM-CSF (granulocyte-
macrophage colonystimulating factor), IL6 (interleu-
kin6), but without the typical TATA box (Witzel-
Schlomp et al., 2001). Although the gcC9 promoter
lacks YY-1, BRN2 and GM-CSF binding sites, the
presence of TATA box, multiple C/EBP (CCAAT
enhancer binding protein) and HSF (heat shock
transcription factor) binding sites and other transcrip-
tion factors binding sites, such as NF-AT (nuclear factor
of activated T cells), IK-2 (Ikaros2), EVI-1 (Ecotropic
virus integration site-1), CHOP (C/EBP homologues
protein), HNF-3B (hepatocyte nuclear factor3B), CP2
(CAAT binding protein) and Oct-1 (Octamer-binding
factor), may imply that gcC9 has some roles different
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Fig. 4. Sequence of the gcC9 promoter region (A) and the first intron (B) (GenBank accession no. EF363857). In (A), the putative GATA, HSF, IK-2,
EVI-1, NF-AT, CHOP-C, HNF-3b, CP2, Oct-1 binding sites and TATA box are highlighted in gray, the AP-1 binding site is boxed, the C/EBPa
binding sites are underlined, the C/EBPb binding sites double underlined, and the broken underline indicates the cap binding site. In (B), the putative
Oct-1, HFH-1, C/EBPb binding sites are highlighted in gray.from its mammalian homologues. IK-2 protein plays a
key role in regulating B- and T-cell development
(Georgopoulos et al., 1997), and C/EBP is basic region
leucine zipper (bZIP) transcription factor family
regulating cell differentiation, growth, survival, and
inflammation (Miller et al., 2003). HNF-1, HNF-3, and
C/EBP families are the hepatopancreas-enriched tran-
scription factors (Dogra and May, 1997). HSF, which is
ubiquitous in some gene promoters (Littlefield and
Nelson, 1999), is a trimetric eukaryotic transcription
factor that regulates the expression of heat shock genes
in response to elevated temperature and other environ-mental stresses. NF-AT is important in the inducible
expression of cytokine gene in T cell (Park et al., 1996).
Oct-1 binding sites are ubiquitous in some immune gene
promoters such as granulocyte/macrophage colony
stimulating factor and IL-3 promoters (Wu et al.,
1997), and also found in gcC9 promoter. The expression
of acute-phase proteins is known to be mainly regulated
by altering the transcriptional rates of their genes
(Volanakis, 1996). All these putative transcription
factor binding sites provide the basis for functional
analysis of the promoter region of fish C9 gene.
Expression of a number of genes, such as cathepsin and
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Fig. 5. Expression of gcC9 in organs revealed by RT-PCR (A) and
Western blotting (B). The specificity detection of the anti-gcC9 using
the purified recombinant protein (C). The total RNA and protein of
blood (BL), muscle (M), skin (SK), intestine (I), thymus (T), gill (G),
spleen (S), renal kidney (RK), hepatopancreas (HP), brain (B), heart
(H), and head kidney (HK) were extracted from grass carp, respec-
tively, ForWestern blotting analysis, extracts from organs were run on
12% SDS-PAGE, transferred to PVDF membranes, blotted with the
anti-gcC9 antiserum, and detected by NBT/BCIP.polymeric Ig receptor genes, have been shown to be
influenced by the first intron (Schjerven et al., 2001;
Charron et al., 2007). The Oct-1 and C/EBPb
transcription factor binding sites also existed in the
first intron region, which may indicate that these sites
cooperate with promoter elements to mediate the gcC9
transcription. Further studies are needed to delineate the
functional elements of gcC9 promoter and its first
intron.Fig. 6. The relative quantity change of gcC9 from grass carp after
stimulation with Flavobacterium columnare in comparison with PBS
control fish, as determined by quantitative real-time PCR. RNA was
extracted from the hepatopancreas, spleen, head kidney and intestine
sampled at 1, 3, and 7 days post-injection. Results obtained from three
individual fish are presented as mean.The expression of rainbow trout C9 transcripts has
been reported (Chondrou et al., 2006a). Rainbow trout
C9 was present in hepatopancreas, kidney spleen, brain
and intestine, but absent in heart. In this study, gcC9
transcripts are detected in all examined organs
including hepatopancreas, spleen, skin, head kidney,
renal kidney, brain, muscle, thymus, gill, blood, heart
and intestine, indicating a constitutive transcription of
C9 in healthy grass carp. The result of RT-PCR and
Western blotting revealed that gcC9 had a significantly
high constitutive expression in hepatopancreas. The
result of real-time PCR showed that inactivated F.
columnare could effectively induce the expression of
gcC9 in hepatopancreas at 1d post-injection. The high
constitutive and inductive expressions of gcC9 in
hepatopancreas suggest that gcC9 is similar to most
complement components which belong to the type of
acute-phase proteins and are in general of hepatic origin
(Witzel-Schlomp et al., 2001). Extrahepatic synthesis of
complement components has been well documented in
many types of cells (Laufer et al., 2001). In the
intermediate and late acute stages injected with F.
columnare, the expression of gcC9 in hepatopancreas
decreased, while the expressions of gcC9 in spleen and
head kidney increased, which may indicate that spleen
and head kidney, especially spleen, are organs of
extrahepatic synthesis of gcC9.
In conclusion, this study firstly reported the gcC9
genomic sequence and promoter region from cyprinid
family, and developed quantitative RT-PCR assays to
compare gcC9 gene expression changes after immu-
nostimulation, with the selected time points spanning
days 1 throughout to 7 which included early innate
events as well as the potential waning of the early innate
response. Complement defends against microbial
infections by triggering the generation of a MAC at
the surface of the pathogen and bridge innate and
adaptive immunity (Gasque, 2004), and further studies
should be aimed at the cellular and humeral mechan-
isms of complement C9 involved in host defense.
Acknowledgment
The present study was financially supported by a
grant [2005] 192 from the Chinese Academy of
Sciences.
References
Boshra, H., Li, J., Sunyer, J.O., 2006. Recent advances on the
complement system of teleost fish. Fish Shellfish Immunol. 20,
239–262.
L. Li et al. / Veterinary Immunology and Immunopathology 118 (2007) 270–282282Chang,M.X., Nie, P., Liu, G.Y., Song, Y., Gao, Q., 2005. Identification
of immune genes in grass carp Ctenopharyngodon idella in
response to infection of the parasitic copepod Sinergasilus major.
Parasitol. Res. 96, 224–229.
Charron, M., Chern, J.Y., Wright, W.W., 2007. The cathepsin L first
intron stimulates gene expression in rat sertoli cells. Biol. Reprod.
76, 813–824.
Chondrou, M.P., Londou, A.V., Zarkadis, I.K., 2006a. Expression and
phylogenetic analysis of the ninth complement component (C9) in
rainbow trout. Fish Shellfish Immunol. 21, 572–576.
Chondrou, M.P., Mastellos, D., Zarkadis, I.K., 2006b. cDNA cloning
and phylogenetic analysis of the sixth complement component in
rainbow trout. Mol. Immunol. 43, 1080–1087.
Dogra, S.C., May, B.K., 1997. Liver-enriched transcription factors,
HNF-1, HNF-3, and C/EBP, are major contributors to the strong
activity of the chicken CYP2H1 promoter in chick embryo
hepatocytes. DNA Cell Biol. 16, 1407–1418.
Gasque, P., 2004. Complement: a unique innate immune sensor for
danger signals (Review). Mol. Immunol. 41, 1089–1098.
Georgopoulos, K., Winandy, S., Avitahl, N., 1997. The role of the
Ikaros gene in lymphocyte development and homeostasis. Annu.
Rev. Immunol. 15, 155–176.
Hobart, M., 1998. The evolution of the terminal complement
genes: ancient and modern. Exp. Clin. Immunogenet. 15,
235–243.
Holland, M.C.H., Lambris, J.D., 2002. The complement system in
teleost. Fish Shellfish Immunol. 12, 399–420.
Jenkins, J.A., Rosell, R., Ourth, D., Coons, L.B., 1991. Electron
microscopy of bactericidal effects produced by the alternative
complement pathway of channel catfish. J. Aquat. Anim. Health 3,
16–22.
Katagiri, T., Hirono, I., Aoki, T., 1999. Molecular analysis of com-
plement component C8beta and C9 cDNAs of Japanese flounder,
Paralichthys olivaceus. Immunogenetics 50, 43–48.
Laufer, J., Katz, Y., Passwell, J.H., 2001. Extrahepatic synthesis
of complement proteins in inflammation. Mol. Immunol. 38,
221–229.
Lichtenheld, M.G., Olsen, K.J., Lu, P., Lowrey, D.M., Hameed, A.,
Hengartner, H., Podack, E.R., 1988. Structure and function of
human perforin. Nature 335, 448–451.
Littlefield, O., Nelson, H.C., 1999. A new use for the wing of the
winged helix-turn-helix motif in the HSF-DNA cocrystal. Nat.
Struct. Biol. 6, 464–470.
Miller, M., Shuman, J.D., Sebastian, T., Dauter, Z., Johnson, P.F.,
2003. Structural basis for DNA recognition by the basic region
leucine zipper transcription factor CCAAT/enhancer-binding pro-
tein. J. Biol. Chem. 278, 15178–15184.Muller-Eberhard, H.J., 1986. The membrane attack complex of com-
plement system. Annu. Rev. Immunol. 4, 503–528.
Nakao, M., Uemura, T., Yano, T., 1996. Terminal components of carp
complement constituting a membrane attack complex. Mol.
Immunol. 33, 933–937.
Nonaka, M., Smith, S.L., 2000. Complement system of bony and
cartilaginous fish. Fish Shellfish Immunol. 10, 215–228.
Papanastasiou, A.D., Zarkadis, I.K., 2006a. Cloning and phylogenetic
analysis of the alpha subunit of the eighth complement component
(C8) in rainbow trout. Mol. Immunol. 43, 2188–2194.
Papanastasiou, A.D., Zarkadis, I.K., 2006b. The gamma subunit of the
eighth complement component (C8) in rainbow trout. Dev. Comp.
Immunol. 30, 485–491.
Park, J., Takeuchi, A., Sharma, S., 1996. Characterization of a new
isoform of the NFAT (nuclear factor of activated T cells) gene
family member NFATc. J. Biol. Chem. 271, 20914–20921.
Purcell, M.K., Kurath, G., Garver, K.A., Herwig, R.P., Winton, J.R.,
2004. Quantitative expression profiling of immune response genes
in rainbow trout following infectious haematopoietic necrosis
virus (IHNV) infection or DNAvaccination. Fish Shellfish Immu-
nol. 17, 262–447.
Schjerven, H., Brandtzaeg, P., Johansen, F.E., 2001. A novel NF-kappa
B/Rel site in intron 1 cooperates with proximal promoter elements
to mediate TNF-alpha-induced transcription of the human poly-
meric Ig receptor. J. Immunol. 167, 6412–6420.
Stanley, K.K., Herz, J., 1987. Topological mapping of complement
component C9 by recombinant DNA techniques suggests a novel
mechanism for its insertion into target membranes. EMBO J. 6,
1951–1957.
Tomlinson, S., Stanley, K.K., Esser, A.F., 1993. Domain structure,
functional activity and polymerization of trout complement pro-
tein C9. Dev. Comp. Immunol. 17, 67–76.
Uemura, T., Yano, T., Shiraishi, H., Nakao, M., 1996. Purification and
characterization of the eighth and ninth components of carp
complement. Mol. Immunol. 33, 925–932.
Volanakis, J.E., 1996. Transcriptional regulation of complement
genes. Annu. Rev. Immunol. 13, 277–305.
Witzel-Schlomp, K., Rittner, C., Schneider, P.M., 2001. The human
complement C9 gene: structural analysis of the 50 gene region and
genetic polymorphism studies. Eur. J. Immunogenet. 28, 515–522.
Wu, G.D., Lai, E.J., Huang, N., Wen, X., 1997. Oct-1 and CCAAT/
enhancer-binding protein (C/EBP) bind to overlapping elements
within the interleukin-8 promoter. The role of Oct-1 as a tran-
scriptional repressor. J. Biol. Chem. 272, 2396–2403.
Yeo, G.S., Elgar, G., Sandford, R., Brenner, S., 1997. Cloning and
sequencing of complement component C9 and its linkage to DOC-
2 in the pufferfish Fugu rubripes. Gene 200, 203–211.
